ndothelin-1 (ET-1) is a potent vasoconstrictor peptide produced by vascular endothelial cells. Plasma ET-1 levels were found to be elevated in subjects with essential hypertension (EH) 1 and are thought to influence the progression of this disease. 2 Further evidence for the involvement of ET-1 in blood pressure (BP) regulation comes from mice heterozygous for a knockout of the ET-1 gene. 3 Furthermore, ET-1 induced hypertrophy by increasing cell volume and cellular protein synthesis in neonatal rat ventricular cardiomyocytes in vitro. 4 In hypertensive rats, cardiac ET-1 was thought to play a critical role in dysfunction of left ventricles. 5 A correlation between plasma ET-1 concentration and the severity of left ventricular hypertrophy was found in humans. 4 Therefore, the ET-1 gene is a strong candidate for EH and left ventricular hypertrophy.
The ET-1 gene (6p24-23) contains 5 exons spanning 6836 bp. A single-nucleotide polymorphism (SNP) in exon 5, Lys198Asn (G to T tranversion), has been associated with BP levels in a few cross-sectional studies in adult cohorts. 6 -8 Our research group previously found that the Lys198Asn was associated with BP reactivity in a cohort of young adults (age 18.5Ϯ2.7 years). 9 Apart from the Lys198Asn, the Etude Cas-Temoins de l'Infarctus du Myocarde study identified several additional SNPs in other exons, introns, and the 5Ј untranslated region. 6 However, the roles of these SNPs on BP and left ventricular mass (LVM) development remain unknown.
Most gene association studies are cross-sectional and do not offer information on the impact of genetic susceptibility on interindividual differences in development of BP and LVM over time. We previously observed effects of a positive family history of EH on systolic BP (SBP) and LVM trajectories in European American (EA) and black youth. 10 However, to the best of our knowledge, no longitudinal studies have investigated the influence of specific susceptibility genes on development of SBP and LVM from childhood to adulthood in a multiethnic cohort. Furthermore, recent findings suggest that haplotype use can reduce inconsistencies observed in single-marker analysis and may improve power to detect susceptibility genes for EH. 11 In particular, ET-1 haplotypes have not yet been examined in association with EH and cardiovascular diseases. Therefore, the present study explored the roles of ET-1 polymorphisms and haplotypes on development of BP and LVM from childhood into early adulthood in a cohort of EA and black youth.
Methods

Subjects
Subjects are among participants in ongoing longitudinal studies evaluating development of cardiovascular risk factors in youth. Data encompass 12 assessments over a 15-year period (1989 to 2004) . This cohort has been described in detail previously. 10, 12, 13 Descriptive characteristics by ethnicity and gender at first visit of subjects with available DNA for the SBP (nϭ538) and LVM cohort (nϭ537) are shown in Table 1 . The data set is complicated because not all subjects had the same number of visits, with subjects recruited into the study at different ages and different years. However, Ͼ80% of subjects had Ն5 visits with data on LVM and Ն6 visits on SBP, making this data set very informative for the study of LVM and SBP changes over time.
Subjects were classified as black or EA according to criteria described previously. 12 At baseline evaluation, subjects were normotensive for age and gender and were apparently healthy based on parental reports of childhood medical history. Eleven subjects began to take antihypertensive medication during the study, and the data obtained during this period were excluded from analyses.
Subject recruitment, evaluation, and attrition rate have been described previously. 12, 14 The Institutional Review Board at the Medical College of Georgia had given approval for the study. The fact that 114 of the total number of subjects for SBP or LVM sample were siblings may have affected the significance of observed effects because they share genes and environment. However, when siblings were excluded from the analyses, results were virtually unchanged, so results for the entire sample are reported here.
Measurements
On each laboratory visit after obtaining informed consent, anthropometric, resting hemodynamic, and cardiac structure evaluations were conducted as described previously. 10, 12, 13 The effect of ET-1 gene polymorphisms on longitudinal development of BP in this study was restricted to SBP because SBP can be measured with greater accuracy in youth, 15 and increasing evidence suggests that SBP is a better predictor of coronary heart disease mortality than DBP. 16 LVM was calculated using the necropsy-validated formula of Devereux et al. 17 Intrarater and inter-rater coefficients of variation for all cardiac structures assessed were Ͻ10%. Socioeconomic status (SES) was used as a proxy for environmental stress exposure 18 
Genotyping
Of the 6 ET-1 SNPs reported in the Genecanvas database, we selected the 4 common SNPs (Ͼ5% allele frequency) for inclusion in this study (T-1370G, ϩ138/ex1 del/ins, T-37/in2C, and Lys198Asn). Genotyping for T-1370G, ϩ138/ex1 del/ins, and T-37/in2C was performed with an Applied Biosystems allelic discrimination assay using the fluorogenic 5Јnuclease assay and Taqman MGB probes by using the Applied Biosystems Prism 7000 Sequence Detection System. The Lys198Asn was genotyped by a polymerase chain reaction-restriction fragment length polymorphism (Cac8 I) method.
Statistical Analyses
The main purpose of our analyses was to test the effect of SNP and haplotype variation in the ET-1 gene on development of SBP and LVM from childhood to adulthood. We further investigated whether the effects of the ET-1 gene on SBP and LVM were moderated by ethnicity, gender, SES, or adiposity.
Growth Curve Modeling and Haplotype Trend Regression
All analyses in this study were conducted by using individual growth curve modeling within a multilevel framework, which is a data analysis technique especially designed for longitudinal data. 13 In growth curve modeling, a curve is fitted for each individual subject. These curves (SBP or LVM development with age) are characterized by their intercept (or level) and slope (rate of change). Addition of independent variables to the model, such as SNP and haplotype variation in the ET-1 gene, is aimed at explaining between-subject variation (in level and slope) of the growth curves.
To test the effects of statistically inferred haplotypes on changes in SBP and LVM over time, we incorporated the haplotype trend regression (HTR) method 19 into the growth curve modeling framework. Details of using HTR for continuous data have been described previously. 20 Assuming additive effects of the haplotypes on the trait, the HTR approach tests for the contribution of individual haplotypes rather than haplotype pairs, with the probabilities of MeanϮSD is shown unless indicated otherwise.
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haplotype pairs (divided by 2) estimated by PHASE 2.0 software. 21 Subjects with at least genotype data on 2 of the 4 ET-1 SNPs were used for haplotype reconstruction. Haplotypes with estimated frequencies below 5% in all the subjects were pooled together and included in the model as 1 term. The most frequent haplotype was used as the baseline haplotype, with which effects of the other haplotypes were contrasted. 22
Analytical Strategy and Software
Analyses were done separately for each of the SNPs and followed up by haplotype analyses. For single SNP analysis, heterozygote and homozygote carriers of the rare alleles were combined into 1 group to increase statistical power. We first modeled the effects of age, 2 ethnicity, gender, body mass index (BMI), SES, and interactions on development of SBP and LVM as described in detail previously. 12, 13 After arriving at the most parsimonious full "environmental" model including only significant terms, SNPs or haplotypes were added to the model to test their main effects on the level of the growth curve. Effects on the slope of SBP and LVM curves were modeled as interactions of SNPs or haplotypes with age. In the next step, interactions of SNPs or haplotypes with ethnicity, gender, BMI, and father's education level were modeled to examine whether the effect of the ET-1 gene on SBP and LVM was moderated by these factors. For LVM, SBP was also added as a predictor. 13 Hierarchical 2 tests were used to determine the significance of the effects that were added to the model in each of the analysis steps.
All multilevel modeling was performed using MLwiN software. 23 Hardy-Weinberg equilibrium was tested separately in blacks and EAs by a 2 test with 1 df. Ethnic differences in allele and genotype frequencies were tested with 2 tests of 1 and 2 df, respectively. To prevent inflated significance, these tests were performed in data including only 1 of the sibs, chosen at random. We used DЈ to describe the pattern of pairwise linkage disequilibrium (LD) calculated using 2LD software. 24 Haplotype frequencies for ET-1 SNPs were estimated using PHASE 2.0 software. 21 All subjects were used for estimates of haplotype frequencies and LD. Table 2 shows genotype and allele frequencies of the 4 ET-1 polymorphisms in EAs and blacks. As can be seen in Table 2 , total number of subjects genotyped for each polymorphism varied slightly and was somewhat Ͻ538. This was because of unsuccessful amplification of the target sequences for some samples (0.56% for T-1370G, 2.8% for ϩ138/ex1del/ins, 3.2% for T-37/in2C, and 2.0% for Lys198Asn, respectively). None of the loci showed deviation from Hardy-Weinberg equilibrium whether in EAs or in blacks. Significantly different allele and genotype frequencies for the T-1370G polymorphism (PϽ0.001) and significantly different allele frequencies for ϩ138/ex1 ins/del (Pϭ0.012) were found between blacks and EAs. Compared with EAs, the Ϫ1370G allele was more common (41% versus 17%) and the ϩ138/ ex1 ins allele less common in blacks (19% versus 28%). Significant LD was observed between all ET-1 loci with similar LD patterns in EAs and blacks (Table 3) . Table 4 displays the results for the analyses of single SNP effects on SBP and LVM based on the most parsimonious full environmental models shown in the footnote. A significant interaction of T-37/in2C polymorphism and gender on SBP level was observed. Stratification of the sample in males and females showed that this locus effect was only significant in males, with lower SBP levels in the Ϫ37/in2C allele carriers. Compared with the full environmental model of SBP in males, this locus explained an additional 1.6% betweensubject variation of SBP. We also found a borderline significant main effect of ϩ138/ex1del/ins polymorphism on SBP level, with ins allele carriers having lower SBP levels. For 
Results
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LVM, we observed a significant interaction between the T-1370G SNP and SES (Table 4) . Separate analyses in low, medium, and high SES groups showed that this polymorphism only had effect within the low SES group, with LVM levels 20 g higher in -1370G allele carriers compared with noncarriers. No significant main or interaction effects for the Lys198Asn polymorphism on SBP or LVM levels were found. None of the 4 polymorphisms showed significant interactions with age; that is, these polymorphisms did not affect the slope of the SBP or LVM curves. The inferred haplotype frequencies of the 4 ET-1 polymorphisms in EAs were significantly different from those in blacks (Pϭ0.01). Only 3 common haplotypes (Ͼ5%) comprising 88% of the total in EAs and 4 common haplotypes comprising 92.6% of the total in blacks were observed (Table  5 ). Haplotype 4 is quite common in blacks (18.1%), but its frequency is Ͻ1% in EAs. Because the frequency of this haplotype in all subjects is 8.9%, we kept this haplotype as 1 term in the regression model, with all the other rare haplotypes pooled together as 1 term. After adding the haplotype or haplotype interactions with age, gender, ethnicity, BMI, and SES into the full environmental models of SBP, no significant overall changes of 2 values were observed (data not shown). That is, no significant main effect of ET-1 haplotypes or 
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effects of interactions on SBP were found. Pooling the haplotype 4 with the other rare haplotypes in a rest category did not change the results (data not shown). No significant main effects of ET-1 haplotypes on LVM were found. However, the inclusion of haplotype-SES interactions led to a significant improvement of the overall model for LVM (Pϭ0.008), with haplotype 3 (Pϭ0.05) and 4 (Pϭ0.019; Table 5 ) responsible for the effect. In accordance with the single SNP analysis, the differentiating characteristic of these 2 haplotypes compared with the most common haplotype is the Ϫ1370G allele at position 1. We noticed that the SBP-lowering alleles in the polymorphisms for which we identified a borderline significant effect (Ins allele of ϩ138/ex1del/ins) and a significant effect in males (C allele of T-37/in2C) in single SNP analyses showed a trans-LD pattern (DЈϭϪ0.57 and Ϫ0.89 in EAs and blacks, respectively). That is, they do not usually occur together on the same chromosome, which makes it unlikely that the SBP-lowering effect is attributable to LD between these 2 loci. To clarify the combined effect of these 2 SNPs on SBP, we repeated haplotype estimation and analyses using only these 2 SNPs. Results of these haplotype analyses are shown in Table 6 . No significant main effect of these haplotypes on SBP was found. A significant interaction of haplotype Del-C and gender was observed although the overall contribution of haplotype variation to the model is only borderline significant (Pϭ0.053). Separate analyses in males and females showed a main effect of haplotype Del-C on SBP level in males only. The ␤-coefficient representing the effect of this haplotype on SBP level was Ϫ3.31. This means that the level of the SBP growth curve shows a downward shift of on average 3.3 mm Hg for individuals who are homozygous for the Del-C haplotype compared with individuals who are homozygous for the Del-T haplotype. The differentiating characteristic of this haplotype is the Ϫ37/in2C allele compared with the most common haplotype Del-T. Very low frequency of haplotype Ins-C makes it impossible to investigate gene-gene interaction between these 2 polymorphisms. Lake et al 22 suggested that haplotype frequencies need to be Ն5% to avoid biased regression parameters. Thus, we excluded individuals with haplotype 4 (Ins-C) and repeated the analysis. However, the results remained the same.
Discussion
We evaluated the effect of genetic variation in the ET-1 gene on development of BP and LVM during a 15-year period in EA and black youth. Significant LD between all the ET-1 loci genotyped in EAs was observed, which is compatible with the ECTIM study. 6 A similar LD pattern was observed in blacks, which has not been reported previously.
There were 2 major findings in this study. The first was the association between lower SBP and some common ET-1 alleles and their haplotypes, specifically in EA and black males. Thus, some genetic polymorphisms of the ET-1 gene may have a protective effect on the progression of BP and EH risk. Single SNP analyses showed a borderline significant SBP-lowering effect of the ϩ138/ex1ins allele and an SBPlowering effect of the Ϫ37/in2C allele for males only, accounting for 1.6% between-subject variation of SBP. Haplotype analyses revealed that SBP growth curve levels in males homozygous for the del (ϩ138/ex1) Ϫ C (Ϫ37/in2) haplotype was 3.3 mm Hg lower than those homozygous for the del (ϩ138/ex1) Ϫ T (Ϫ37/in2) haplotype. SBP in males homozygous for the haplotype combining the 2 BP-lowering alleles as based on the single SNP analysis (ins [ϩ138/ex1] Ϫ C [Ϫ37/in2]) was 11.8 mm Hg lower than those homozygous for the most common haplotype. However, this difference did not reach a statistical significance because of the low frequency of this Ins-C haplotype (2.7% and 0.4% in EAs and blacks, respectively).
The second major finding was a gene by environment (ie, SES) interaction for LVM. LVM levels were 20 g higher in carriers versus noncarriers of the -1370G allele in the low SES group only, and this effect was confirmed by our haplotype analyses. Therefore, we conclude that the T-1370G locus confers an increased risk of developing left ventricular hypertrophy but only in the presence of adverse environmental conditions such as chronic stress.
ET-1 increases stress-induced sympathetic activity and arterial vasoconstriction. Enhanced ET-1 activity impaired endothelium-dependent vasodilator function of hypertensive patients. 25 ET-1 also regulates body fluid volume by stimu- lating aldosterone secretion and decreasing kidney perfusion and function and subsequently causing retention of sodium and water, leading to increased intravascular volume. 26 All this evidence indicates that ET-1 is a powerful agent controlling BP, and functional genetic variation of the ET-1 gene is likely to contribute to development and variation of BP. The functional impact of the ϩ138/ex1 del/ins and T-37/in2C loci and their haplotypes need to be verified in vitro (eg, vascular reactivity in human artery rings). The T-37/in2C is located in an intron at the 37th nucleotide before exon 3 of the ET-1 gene, and the ϩ138/ex1 del/ins is at the 5Ј untranslated region. They may regulate the expression levels of the ET-1 gene or be in LD with other functional variants. We did not find an association between BP and the most investigated ET-1 polymorphism, the Lys198Asn. Most studies have observed an interaction between the Lys198Asn polymorphism and obesity (ie, this polymorphism was only associated with BP levels in overweight subjects). 6 -8 The present study did not observe an interaction between BMI and any of the 4 polymorphisms or common haplotypes in association with development of BP. The lack of an interactive impact of the ET-1 gene variation with BMI on BP could be attributable to the young age of our subjects and their relatively normal BMI. In summary, this study was conducted to investigate the roles of genetic variation of the ET-1 gene on progression of BP and LVM from childhood to early adulthood by performing growth curve modeling for multiple SNPs and their haplotypes in a multiethnic cohort. The ϩ138/ex1ins and Ϫ37/in2C alleles and the Del-C haplotype appear to have SBP-lowering effects in males, whereas the T-1370G locus confers an increased risk of developing left ventricular hypertrophy in the presence of an adverse and stressful environment.
Perspectives
The Ϫ37/in2C allele and Del-C haplotype of the ET-1 gene appear to be protective against high BP in males but not in females. This gender-specific effect provides evidence of interaction between gender and genetic components of BP regulation, an example of which has recently emerged in the literature. 27 Studies including our own suggest that human sex hormones may modulate plasma ET-1 levels, with male hormones raising levels and female hormones lowering them. 28, 29 Furthermore, in an animal model of EH, increased vascular responsiveness to ET-1 was observed in males but not in females. 30 These findings may partly explain the higher prevalence of EH in men compared with women. Males with the Ϫ37/in2C allele and Del-C haplotype may have lower ET-1 tissue or plasma levels, thus protected from the progression of high BP. The exact mechanism responsible is yet to be determined. The significant gene by environment interaction we observed for LVM indicates that the Ϫ1370G allele increases risk of developing left ventricular hypertrophy in youth from low socioeconomic backgrounds. Our data thus support the notion that complex cardiovascular traits such as LVM may result from a genetic predisposition, the effects of which are conditional on exposure to a stressinducing environment.
